Over the last few decades, considerable progress has been made in understanding biochemical abnormalities associated with clinical diabetes, particularly with its more short-term manifestations. Further, with the advent of insulin and improved acute resuscitation techniques, the morbidity and mortality rates in juvenileonset ketotic diabetics have been greatly reduced. Similarly, the development of oral hypoglycwmic agents, such as sulfonylureas and biguanides, has resulted in improved metabolic control of the non-ketotic, maturity-onset diabetics. Despite these advances in therapy, however, indeed partly because of the implied extension of the duration of clinical observation, awareness of the unsatisfactory state of our understanding of other, more chronic and less clearly biochemical problems in diabetics has increased rather than decreased. Among these problems one might single out: the relative influence of genetic endowment and environment; the more detailed and long-term natural history of the disease; the relationship between diabetes and obesity and that between juvenileonset and maturity-onset diabetes; and the 'This lecture is based in large parts on an analysis prepared for the 13th Nobel Symposium on the Pathogenesis of Diabetes Mellitus; Ed. E Cerasi & R Luft, Stockholm 1970 . The research was supported in part by grants from the Fonds National Suisse de la Recherche Scientifique, Berne, and the Fondation Education et Recherches, Basel natural history of the vascular and neurological abnormalities.
What is the definition of diabetes mellitus? Despite the widely voiced dissatisfaction with definition in terms of blood glucose levels, diabetes still cannot be diagnosed today unless the blood glucose level in a given metabolic state exceeds the range of blood glucose levels observed in the general population in the same metabolic state. The definition of diabetes must therefore remain that of a disorder associated with hyperglycxemia inappropriate to the prevailing metabolic situation. In pathogenetic terms, the definition most frequently encountered is that of a condition resulting from 'absolute or relative insulin lack'. The latter part of this definition implies inadequate insulin effectiveness and is invoked to cover such findings in diabetes as the presence of high levels of serum insulin-like reactivity (Boshell et al. 1968) , tissue resistance to insulin (Zierler & Rabinowitz 1963) , circulating antagonists to (or inhibitors of) insulin (Baird & Bornstein 1957 , Vargas et al. 1960 , Vallance-Owen 1960 and the possible secretion of an abnormal insulin (Elliott et al. 1965 ). This pathogenetic definition may also be stretched to include abnormal patterns of insulin release (Boshell et al. 1968 , Yalow & Berson 1960 , Cerasi & Luft 1967 . It does not, as yet, suggest the cause of the 'absolute or relative anomaly', nor the relation of this anomaly to most of the unexplained aspects of the disease which have been mentioned above.
Although students of the physiopathology of disease naturally prefer to consider single pathogenetic causes for any one disease, it is quite evident that different genotypic errors may produce similar phenotypic diseases, as best illustrated, perhaps, by the different types of glycogen storage diseases. Although it was initially thought that glycogen storage disease might be a single entity, it was subsequently established that increased glycogen storage in different tissues might result from a variety of distinct and discrete enzymatic defects. Alternatively, differences in the environment may either enhance or tend to obscure the presence of a genotypic lesion capable of producing disease, as illustrated by the considerable influence of prevailing dietary customs or, more directly, availability of food on the prevalence of diabetes mellitus in man. Since it is impossible to control genetic background in human populations and very difficult to control chronic environmental conditions, it unfortunately follows that the practical obstacles to a full definition of the factors involved in the pathogenesis of human diabetes may prove unsurmountable.
We have become intensely interested, therefore, in a possible escape from this deadlock through investigation of spontaneous diabetes and related disorders in animals. Here, genetics and environment may be perfectly and separately controlled, the natural history of the syndromes may be studied in minute detail and, in the case of the smaller rodents, many generations may be studied over relatively short periods of time. Indeed, we consider it already a significant contribution to our concept of human diabetes mellitus that a similar disorder has been observed in a great many mammals, including most domestic animals, but also such species as the dolphin (Schweisheimer 1966) , fox (Fox 1923) , and hippopotamus (J Hayashi, quoted by Hahn 1967) .
The diabetic syndromes most likely to be of interest to research workers are of course the by now numerous ones described in small rodents and listed in Tables 1 and 2. In the remainder of this paper we will consider some of the more puzzling aspects of human diabetes and, where possible, indicate animal models of spontaneous diabetes which have already contributed or may yet contribute to the better understanding of diabetic syndromes in general.
Although we shall refer to specific published reports in a number of instances, more general reference is made here to a recent and quite complete review (Renold 1968 ), as well as to two special symposium issues specifically concerned with spontaneous diabetes in laboratory animals (Renold & Dulin 1967 , Renold et al. 1970 ). We of course recognize that diabetes induced experimentally in laboratory animals such as that resulting from alloxan (Bruckmann & Wertheimer 1947 , Webb 1966 or streptozotocin (Rakieten et al. 1963 , Junod et al. 1967 , Arison et al. 1967 , or that induced immunologically (Armin et al. 1960 , Wright 1961 , Kalkoff & Kipnis 1966 provide additional useful models for metabolic disturbances associated with some forms of human diabetes, particularly juvenile-onset diabetes, but we have not given detailed consideration to experimentally induced animal diabetes in this paper.
Heredity and Diabetes
It is generally agreed that the tendency to develop human diabetes may be inherited. It is not known, however, whether all cases of human diabetes comprise an inherited component, nor is the nature of the genetic lesion or the mode of its transmission securely known. Until relatively recently, most prevalence studies in diabetic families were interpreted as suggesting transmission as a somatic recessive gene, with irregularities accounted for by 'variable penetrance' (Steinberg 1959) . Major support for this view was derived from the greater concordance of manifest diabetes among monozygotic than among dizygotic twin pairs (Joslin et al. 1959) . Despite this evidence, however, recent studies have emphasized that it is impossible to distinguish between a recessive characteristic with 'varying penetrance' and polygenic, or at least multifactorial control of a physiological entity (Falconer 1967 , Gottlieb & Root 1968 ). The difficulty is particularly great when the age at which the phenotypic expression can be diagnosed is variable and when the probable overall penetrance is low. Both circumstances apply to diabetes and we must conclude today that the assumption of a somatic recessive mode of inheritance for human diabetes mellitus was premature. A polygenic model of inheritance cannot be excluded. Indeed, a number of recent observations suggest that the heritability of diabetes is polygenic and, possibly, different for youth-onset and maturity-onset diabetes. Thus, parents who develop diabetes early in life have been reported to have a greater proportion of diabetic children than parents who develop diabetes later in life (Malins 1968, p 10). Since the tendencies to develop either type of diabetes generally occur in the same families, the observation suggests a possible additional genetic factor present only in one of the two types. Another complicating feature is the evident frequent coexistence and mutual influence of diabetes and obesity, which itself may have an inherited component (Mayer 1965) . A recent study in twins suggests that different genetic factors control simple glucose intolerance (chemical diabetes) and the transition from the chemical to the overt form of the disease (Gottlieb & Root 1968 ). Thus, the view which is presently gaining acceptance considers human diabetes mellitus as a disorder of which the heritable component is polygenic, with the additional complicating feature that the phenotypic expression of one or several of the genes involved is likely to be conditioned by environmental factors, as we shall discuss below.
What does spontaneous diabetes in laboratory animals contribute to our understanding of heredity and diabetes? As seen in Tables 1 and 2, inappropriate hyperglycemia is clearly a genetically controlled abnormality, and the precise mode of inheritance of the defect has been established in several syndromes of mice and in that of the Chinese hamster. Tendency to develop inappropriate hyperglycxemia appears to be inherited as a dominant trait in yellow obese mice and as a recessive trait in dbdb, obob and adad mice, while it is probably polygenic in the inbred KK and NZO strains of mice, and certainly polygenic in the C3HfxI hybrids and in diabetic Chinese hamsters. The polygenic nature of the defect is most directly apparent in the C3HfxI hybrids, since colonies of neither inbred parent strain tend to inappropriate hyperglycxemia, while the anomaly suddenly appears in a large percentage of the offspring resulting from matings of the two strains. Clearly the major observation here is that inappropriate hyperglycmmia may result not from one but from several distinct mutations, some of which may be transmitted as a dominant and others as a recessive trait. In addition, inappropriate hyperglycaemia may be selected from mixed genetic material through inbreeding and considerable evidence suggests that the syndromes so selected are of polygenic origin. Although support for all concepts of human inheritance of the tendency to diabetes may thus be found in laboratory animals, we would like to suggest that the existence of human diabetes mellitus for as long as written records exist and the surprisingly similar prevalence under similar environmental conditions in racially and geographically distinct populations support a polygenic rather than a mutational, monogenic origin in man.
Environment and Diabetes
If it is an accepted fact that a genetic component contributes to the pathogenesis of diabetes, it is equally certain that environmental factors are also significantly involved. The environment certainly modifies the duration for which the tendency to develop diabetes remains latent and thus influences what is described as the 'penetrance' of the diabetic genotype. Among environmental factors, diet and physical exercise are probably of special importance, as well demonstrated, for example, by the reduction in the incidence of diabetes in Europe during and immediately following the second world war (Pyke 1968) . It is interesting to recall that Bouchardat (1883) commented extensively on the decrease in the prevalence of diabetes during the prolonged siege of Paris in the Franco-Prussian war of 1870. Such observations clearly establish that, given a particular genotype, the prevalence of the overt disorder may be altered by environmental changes.
Considerable interest has been centred on attempting to analyse the relative roles of environment and heredity through population surveys among different racial groups and in widely varying geographical locations (Remoin 1959 , Malins et al. 1963 , Kobayashi 1959 , Tulloch 1961 , Manke 1964 , Kenny et al. 1951 . Two types of results have been obtained. First, in populations with reasonable long-term stability of environmental conditions, the prevalence rates for inappropriate hyperglycaemia have been remarkably similar throughout the world, with an average prevalence of overt diabetes of 1-1 5%, and an average prevalence of chemical diabetes in the neighbourhood of 6% in representative population samples. Prevalences as high as 16% have been reported in population samples limited to those aged 50 years or more (Malins 1968, p 45) . As already mentioned with relation to heredity, these results suggest that genotypes favouring the development of diabetes are not preferentially associated with race or differing yet stable environmental conditions such as climate or individual foods.
The second type of results obtained, however, seems of special interest to us, even though it has been less frequently reported. An extremely low incidence of diabetes has been reported in Alaska Eskimos (Mouratoff et al. 1967 ) and in Athabaskan Indians (Mouratoff et al. 1969 ), who are genetically unrelated but share a similar environment and a similar diet: high protein, low carbohydrate and moderate fat. Conversely, an exceptionally high incidence of diabetes, and also of obesity, as we shall discuss below, has been observed in the Indian populations of South African cities such as Durban (Campbell 1963) , in New Zealand Maoris (Prior et al. 1966 , Murray et al. 1969 , and in the North American Seneca (Frohmann et al. 1969 ), Cocopah (Henry et al. 1969) and Pima (World Medicine 1965) Indian tribes. In this last instance, the incidence of abnormal glucose tolerance in those over 50 years of age has been reported as well in excess of 50 %. All these populations use Caucasian type diets, often with a recent increase in refined carbohydrates and in fat. Furthermore, all these population groups are characterized by a recent decrease in the amount of physical activity required to maintain not only survival but acceptable living standards. It has been suggested by Neel (1962) that in such populations the major environrnental event may have been the sudden change from conditions pre-existing over many generations and requiring hard physical work with overall restricted and irregular availability of food, to conditions of essentially unrestricted food availability throughout the year and greatly decreased need for physical activity. He suggested that, in such instances, diabetes mellitus might represent the detrimental aspect of a 'thrifty' genotype unmasked by 'progress'. In other words, diabetes might represent failure of adaptation to the relatively sudden transition to a sedentary existence combined with relatively high caloric intake.
Although the applicability of such a concept is exceedingly difficult to prove, it is certainly interesting to find that some of the spontaneous syndromes of inappropriate hyperglyceemia in animals provide a very neat fit. Zoologists have long known that many rodent species transferred from their wild environment to caged living conditions tend to become obese. This is particularly marked when the animals' normal habitat is the desert, or semi-desert, arid regions. More specifically, the inappropriate hyperglyctemia associated with obesity, which is so characteristic a feature of sand-rats transferred from the Egyptian desert to a laboratory environment, exhibits several features predicted by Neel's concept. Thus, diabetes is most severe in the animals directly transferred and in the very first generations raised in the laboratory, often associated with life-threatening ketosis. The hyperglycwmic syndrome then tends to become milder and disappear in subsequent laboratory-raised generations. Even in the directly transferred animals, diabetes may be entirely prevented by simple manipulation of the diet (Renold 1968 , Renold & Dulin 1967 , Renold et al. 1970 , Petersson & Hellman 1962 , Hackel et al. 1967 ). Similar observations have been reported in the South American rodent tuco-tuco and in the Eastern Mediterranean spiny mouse, Acomys cahirinus, although the case for failure of adaptation as a principal cause of the high incidence of inappropriate hyperglycemia in the latter is much less strong.
More generally, an influence of the diet on the incidence and severity of the syndromes of inappropriate hyperglycemia has been demonstrated in almost all animals listed in Tables 1 and  2 . This is further stressed by the frequent association of diabetes and obesity.
Thus, the observations available in animals with spontaneous 1iyperglycoemic syndromes confirm the importance of environmental factors in controlling the rate or relative proportion of potentially diabetes-prone genotypes achieving clinically overt phenotypic expression.
Other similarities between human diabetes mellitus and spontaneous hyperglycmmic syndromes in animals concern the very frequent association of maturity-onset diabetes, or of Section of Experimental Medicine & Therapeutics 617 many types of spontaneous diabetes in rodents with both hyperinsulinism and obesity; the occurrence in animal as well as human hyperglycamia of both youth-onset and maturityonset types; and the exhibition of some, though minor, anomaly of insulin-producing ,-cells in all hyperglycamic animals, as well as in hyperglycevmic humans.
Concluding Remarks
It is too early to reach a final conclusion as to the true potential usefulness of spontaneous hyperglycemic syndromes in laboratory animals, in terms of our understanding of the pathogenesis of human diabetes mellitus. However, when one considers that the total amount of investigative effort which has so far been devoted to these spontaneous animal syndromes is at best a very small fraction of 1 % of that devoted to investigating the pathogenesis of the disease in man, it is in fact surprising that partial conclusions on individual points can already be reached. We consider it likely, therefore, that much time and effort might be saved in the pursuit of the ultimate goal of complete understanding of pathogenesis, and therefore of potential prevention and improved treatment of human diabetes mellitus, by taking into consideration, at the planning stage of any investigative programme, that which we have already learnt, and even more that which we might yet learn, from spontaneous inappropriate hyperglycvmia in animals.
Thus we believe that the observations in animals already emphasize the need for utmost caution in considering any theory of diabetic pathogenesis based on a single and genetically simple anomaly. It is evident that, at least in mice, several individual genetic anomalies, each behaving as an individual gene, may each individually suffice to produce the phenotypic expression of a diabetes-like syndrome. It is also clear that in other instances phenotypic expression requires the combined presence of more than one gene, i.e. that the diabetes-like syndrome may also be of polygenic origin. Finally, it is well-established in animals that all spontaneous diabetes-like syndromes, whatever their genetic origin, may be considerably modified as to timing and severity of phenotypic expression through manipulation of the environment, particularly early in life, but also at later stages. The most recent and most comprehensive human genetic analyses are now reaching similar conclusions, but we should like to contend that such a conclusion would have been reached considerably earlier had the present information on the animal syndromes been available 30 or 40 years ago. It would seem unfortunate not to take advantage of our present knowledge for a much more comprehensive study of the genetic and environmental factors contributing to the appearance and to the clinical course of inappropriate hyperglycemia in animals, since this knowledge might very likely allow us to approach the further study of human diabetes with more fully prepared working hypotheses, and with experimental designs allowing for sharper questions more likely to provide interpretable answers.
